Introduction
In recent years, ultrashort pulsed laser micromachining of multi-layer metal film assembly had attracted great attention because the multi-layer configuration can be well applied for satisfaction of thermal, optical and electronic requirements in development of MEMs, photoelectric equipments and biochips (Liu, 2007) . Generally, the thermal properties for metals are physically originated from the collision mechanisms for electron-electron and electron-phonon in the metal targets. For the multi-layer metal film assembly, the thermal properties, such as the electron-phonon coupling strength can actually vary significantly for different layers of the assembly, so the heating of muti-layer film assembly would take on various characteristics for different padding layer configurations. In this article, the ultrafast heating characteristics in multi-layer metal film assemblies irradiated by femtosecond laser pulse were investigated by numerical simulations. The effect of different padding layer configurations on the ultrafast thermalization characteristics for the multi-layer metal film assemblies are well discussed. The ultrafast heat transfer processes in the layered metal film systems after the femtosecond pulse excitation are described based on the two temperature model (TTM), in which the electron and phonon is considered at two different temperatures, and heat transfer is mainly due to the hot electron diffusion among the sub-electron system and the electron energy transfer to the local lattice characterized by the electron-phonon coupling strength. The thermal properties for the respective metal film layers and the optical surface reflectivity are all defined as temperature dependent parameters in order to well explore the ultrafast heating characrastics of the multi-layer metal assemblies. The coupling two temperature equations are calculated by the Finite Element Method (FEM) with respect to temperature dependent thermal and optical properties. The ultrafast two-dimension (2-D) temperature field evolutions for electron and phonon subsystems in the multi-layer metal film assemblies are obtained, which show that the electron and phonon temperature field distributions can be largely effected by adjusting padding layer configurations. The physical origins for the discrepant temperature field distributions in multi-layer film assemblies are analyzed in details. It indicates that electron-phonon coupling strength and phonon thermal capacity play key roles in determining the temperature field distributions of the multi-layer film assembly.
where subscripts e and p stands for electron and phonon, respectively. T denotes temperature, C the heat capacity, q the heat flux, G the electron-phonon coupling strength, and Q is the laser heat source. The first equation describes the laser energy absorption by electron sub-system, electrons thermal diffusion and electrons heat coupling into localized phonons. The second equation is for the phonon heating due to coupling with electron subsystem. For metal targets, the heat conductivity in phonon subsystem is small compared to that for the electrons so that the phonon heat flux p q in Eq.(2) can be usually neglected. The heat flux terms in Eq.(1) with respect to the hyperbolic effect can be written as 
here, R is the film surface reflectivity, p t is the FWHM (full width at half maximum) pulse duration, b δδ + is defined as the effective laser penetration depth with δ and b δ denoting the optical penetration depth and electron ballistic range, respectively. F is the laser fluence. y 0 is the coordinate of central spot of light front at the plane of incidence and s y is the profile parameter. When a laser pulse is incident on metal surface, the laser energy is first absorbed by the free electrons within optical skin depth. Then, the excited electrons is further heated by two different processes, which includes the thermal diffusion due to electron collisions and the ballistic motion of excited electrons. So, we use the effective laser penetration depth in order to account for the effect of ballistic motion of the excited electrons that make laser energy penetrating into deeper bulk of a material.
Initial and boundary conditions
The calculation starts at time t=0. The electrons and phonons for the respective layers in the multi-layer film systems are assumed to be room temperature at 300 K before laser pulse irradiation. Thus, the initial conditions for the multi-layer metal film assembly are:
For the exterior boundaries of the multi-layer assembly, it is reasonable to assume that heat losses from the metal film to the surrounding as well as to the front surface are neglected during the femtosecond-to-picosecond time period. The perfect thermal insulation condition between bottom layer of assembly with the substrate can also be established at rear surface of the multi-layer film assembly. Therefore, the exterior boundary conditions can be written as:
here, Ω represents the four borderlines of the 2-D metal film assembly. For the interior interfaces of the multi-layer systems, we assume the perfect thermal contacts for electron subsystem between the respective layers herein, leading to
where, Γ represents the interior interfaces of the multi-layer assembly. Additionally, the phonon thermal transfer at layer interface is considered to be impracticable due to the small phonon heat conductivity during the picosecond timescale. So, the phonon temperature and thermal flux are all treated as discontinuous physical quantities at the layer interfaces of the multi-layer film assemblies in current simulations.
Temperature dependent thermal properties
Most of the previous researches considered the thermal parameters for gold film as constant values for simplification of the calculations and saving the computer time. Herein we treat all the thermal properties including thermal capacity, thermal conductivity and the electronphonon coupling strength as temperature dependent parameters in order to well explore the heating characteristics in the metal films assembly under ultrashort laser pulse irradiation. According to the Sommerfeld theory, electron thermal conductivity at low temperature is given in paper (Christensen et al., 2007) eF e e ee ep kv C T
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is temperature dependent electron-electron and the electron-phonon scattering rates, with which the temperature dependent thermal conductivity can be educed. We assume that the electrons and phonons are isotropic across the target so that the isotropic thermal properties for the targets can be applied in the current simulations. In the regime of high electron temperature, the electron-electron interactions must be taken into account, leading to e ee e ee pp T kB k AT BT
However, when the electron temperature is low enough that electron-electron interactions compared to electron-phonon collisions can be neglected, the electron thermal conductivity is written as The electron thermal conductivity as a function of electron temperature for the targets of Au and Al are shown in Fig.1 . We can see that the electron thermal conductivity when ignoring the term of electron-electron collisions increases dramatically with increasing the electron temperature. However, as the electron-electron collisions term is taken into account, the thermal conductivity curve appears a peak approximately at the temperature of 5500 K for Au, and 1900 K for Al, and the peak thermal conductivity for Au is twice larger than for Al. It indicates that the effect of electron-electron collisions on the electron thermal conductivity is significant in the range of high electron temperature, but not exhibits large difference in low electron temperature regime. The temperature dependent electron heat capacity is taken to be proportional to the electron temperature with a coefficient e B (Kanavin et al.,1998) :
An analytical expression for the electron-phonon coupling strength was proposed by Chen et. al., which can be represented as follows (Chen et al., 2006) :
Fig .2 shows the electron-phonon coupling strength as a function of electron temperature for the targets of Au and Al. We fix the phonon temperature at room temperature of 300K. It is shown that the electron-phonon coupling strength increases obviously with increasing the electron temperature. It indicates that more electron energy can be transferred to localized www.intechopen.com phonon due to the increase of electron-phonon coupling strength as a result of the rise of electron temperature. Meanwhile, the excited phonons sub-system also help strengthen the electron-phonon coupling process, leading to the further promotion of phonon temperature. It can be seen that the electron-phonon coupling strength is one order of magnitude larger for Al than Au in the temperature range of 300 K to 100000 K, which would result in the distinct phonon heating processes in the multi-layer metal film assembly for different layers. 
Temperature dependent optical parameters
For femtosecond pulse heating of the metal film assembly, the electron sub-system for the surface layer can be initially heated to several thousand Kelvin during the pulse duration. So the effect of electron temperature on the optical properties such as the surface reflectivity should be carefully taken into account for accurately predicting the ultrafast electron and phonon heating processes in multi-layer metal film assemblies. The laser energy reflection from metal surface is physically originated to the particles collisions mechanisms including electron-electron and electron-phonon collisions in the target materials. For ultra-high nonequilibrium heating of the electron and phonon sub-systems under the femtosecond pulse excitation, the total scattering rates can be written as me
, in which the electron and phonon temperatures can jointly contribute to the total scattering rates. The connection between the metal surface reflectivity and the total scattering rate usually relates to the wellknown Drude absorption model. After some derivations from Drude model, the reflective index n and absorptive coefficient k can be immediately written as: 
Results and discussion
Fig .3 shows the temporal evolution of electron and phonon temperature fields in the two layer Au/Ag film assembly. The laser is incident from left, the parameters for the laser pulse and the assembly are listed as follows: laser fluence F=0.1 J/cm 2 , pulse duration t p =65 fs, laser wavelength 800 nm, the thickness of padding layers 100nm
Au Ag TT == . Herein, the electron ballistic effect is included in the simulations. At time of 500 fs, the electron subsystem for the film assembly is dramatically heated, the maximal electron temperature at the front and rear surfaces of the two layer Au/Ag film assembly get 2955K and 1150K, respectively. However, the phonon subsystem for the bottom Ag film layer of the assembly is slightly heated at 500 fs, the phonon temperature field is mostly centralized at the first layer, approximately 20 nm under the Au film surface, the maximal phonon temperatures at front surface and the layer interface gets to 317K and 305K, respectively. At time of 1 ps, the electron temperature field penetrates into deeper region of the assembly, indicating that the electron heat conduction amongst electron subsystem is playing an important role during this period. The maximal electron temperature at the front surface drops down to 2100K and rises to 1500K at the rear surface. Simultaneously, the phonon temperature at the respective Au and Ag layers begins to rise, the maximal phonon temperatures at the front and the rear surfaces of the assembly climbs to 328 K and 313 K at 1ps. The bottom Ag layer phonon thermalization can actually be attributed to the electron thermal transfer from the first layer Au film to the Ag electron subsystem, and the following process in which the overheated electron coupling its energy to localized Ag film phonon subsystem through electronphonon coupling. At time of 4ps, the electron temperature field is significantly weakened across the Au/Ag assembly and the phonon temperature fields are mostly distributed near the front surfaces of the respective Au and Ag layers at this time, the maximal phonon temperature at the front surface of the Au film and the Ag layer is 353.3 K and 345 K, respectively. With time, the electron and phonon subsystems ultimately would get the thermal equilibrium state and bears the united temperature distribution across the assembly. It should be emphasized that the temperature field distributions for electrons and phonons are quite different at the middle interface layer which is actually originated from the physical fact that phonon thermal flux can be ignored and electron presents excellent thermal conduction at the middle interface of the assembly during the picosecond time period. Fig. 3 . The temporal evolution of electron and phonon temperature fields in two layer Au/Ag film assembly. (A) Phonon temperature fields at 500fs, 1ps and 4ps; (B) Electron temperature fields at 500 fs, 1ps and 4ps Fig.4 shows the temporal evolution of electron and phonon temperature fields in the two layer Au/Al film assembly. The laser is incident from left, the laser pulse and the assembly parameters are listed as follows: laser fluence F=0.1 J/cm 2 , pulse duration t p = 65 fs, laser wavelength 800 nm, the thickness of padding layers T Au =T Al = 100 nm. It can be clearly seen from Fig.4(A) that the phonon temperature fields evolution for the Au/Al assembly exhibits different tendency as for the Au/Ag film assembly. At time of 500 fs, the surface Au layer phonon in the Au/Al film assembly is less heated, the deposited thermal energy is mainly concentrated at substrate Al layer. The maximal phonon temperature at front surface and middle interface of the assembly is 310 K and 330K, respectively. At time of 1ps, the phonon subsystem for the bottom Al layer is dominantly heated, while the surface Au layer phonon temperature keeps close to room temperature, the maximal phonon temperature at front surface and middle interface comes to 320K and 371 K at this time. Generally, the rapid rise of the bottom Al layer phonon temperature is primarily attributed to larger electron-phonon coupling strength for the Al layer compared to that of Au layer. The laser energy is firstly coupled into the electron of the surface Au layer, then the excited electron conducts it's energy to electron subsystem of bottom Al layer through electron thermal conduction. Immediately after that the Al layer electron couples it's energy to the local phonon, leading to preferential heating of the bottom Al film. At time of 4ps, the phonon subsystem of the Al film is further heated and the phonon temperature at Au layer continues to rise very slowly, the maximal phonon temperature at front surface and the middle interface is 351K and 443K at this time. In Fig.4(B) , the electron temperature field evolution for Au/Al film assembly dose not show significant difference from that of the Au/Ag film assembly. The electron subsystem of the two layer Au/Al film assembly is dramatically overheated at 500 fs, the maximal electron temperature at the front surface of the assembly reaches 2922 K. At time of 1ps, the electron subsystem continues diffusing it's thermal energy to the Al substrate, and the electron temperature for the surface Au film bears a severe drop. The maximal electron temperature comes down to 1900K at the front surface, and rises to 750K at the rear surface at 1ps. At time of 4ps, the electron temperature across the assembly goes down to 400K and 350K at front surface and rear surface, respectively. With time, the electron and phonon subsystems also would get the thermal equilibrium state, and if the united electron and phonon temperature in assembly is higher than padding layers melting point, the two layer film assembly will be damaged. Fig. 4 . The temporal evolution of electron and phonon temperature fields in two layer Au/Al film assembly. (A) Phonon temperature fields at 500fs, 1ps and 4ps; (B) Electron temperature fields at 500fs, 1ps and 4ps Fig.5 presents the phonon temperature field distributions for the three layer film assemblies with different layer configurations at 5 ps. The laser and film parameters for the simulations are listed as follows: laser fluence is F=0.1 J/cm 2 , pulse duration t p =65 fs, laser wavelength 800 nm, the thicknesses of the respective padding layers are T Au =T Ag =T Al =50 nm. The laser pulse is incident from left. It is shown in Fig.5 (A) that the phonon energy is concentrated at bottom of the assembly for Au/Ag/Al configuration, however, which is mostly distributed at the surface layer for Al/Ag/Au configuration as can be seen from Fig.5(B) . The results can be partly interpreted as large electron-phonon coupling strength for Al compared to Au, which is beneficial for transferring the overheating surface electron thermal energy into the bottom layer phonon. The temporal evolution of surface phonon and electron temperatures at center of laser spot for Au coated assemblies with different substrates are shown in Fig.6 . The applied thermal physical parameters for the substrates of Au, Ag, Cu and Al in the simulations are listed in table 1. As shown in Fig.6(a) , the surface phonon temperature rises accordantly for the all assemblies before 1ps, then begins to separate for the different assemblies with increasing time. Finally, the surface phonon temperature gets 380K, 370K, 349K, and 386K at 15ps for assemblies of Au/Au, Au/Ag, Au/Cu and Au/Al, respectively. Fig.6(b) shows the surface electron temperature of the Au coated metals also evolutes synchronously before 1ps, but becomes discrepantly after 1 ps. It should be noticed that the surface phonon and electron temperatures at 15ps for the Au coated Al film substrate are obviously larger than that of the assemblies with other metal film substrates. It is expected that the thermal properties for the substrate layers can play an important role in enhancing surface temperature evolution on the Au coated metal assemblies. Table 1 . Thermal physical parameters for Au, Ag, Cu and Al, the datum are cited from references (Chen et al., 2010 ; Wang et al., 2006) (a) Phonon temperature (b) Electron temperature In general, the physical mechanism in dominating the temperature field distributions has no difference for the two layer and the three layer metal film assemblies because of the similar physical boundary and the mathematical processing for them. So, the two layer Au coated metal assembly is here taken as example in order to explore what causes can definitely give rise to the distinct temperature field distributions in the metal film assembly with different substrate configurations? Fig.7 shows effect of the substrates thermal parameters on surface phonon temperature of the two layers Au coated assembly. The thermal parameters such as electron thermal capacity, electron thermal conductivity, electron-phonon coupling strength and phonon thermal capacity are all selected falling into the ranges for the actual materials as listed in table 1. As shown in Fig.7 (a) and (b), the surface Au layer phonon temperature decreases slightly with increasing electron thermal capacity and electron thermal conductivity of the substrates. However, increasing of electron-phonon coupling strength or phonon thermal capacity for the substrate layers can both result in the dramatic drops of surface phonon temperature as shown in Fig.7 (c) and (d), indicating the substrate layer electron-phonon coupling strength and phonon thermal capacity both play key roles in determining the surface heating process in the Au coated metal assembly. From table 1, it can be found out that the electron-phonon coupling strengths for the substrates is in the order of G Au <G Ag <G Cu , so the surface Au phonon would be preferentially heated for Au/Au, Au/Ag, Au/Cu orderly as had be observed in Fig.6 . However, the obvious rise of the Au surface phonon temperature for Au/Al assembly is actually attributed to the quite smaller phonon thermal capacity for the Al substrate compared to other metal substrates. Fig.8 shows temporal evolution of electron and phonon temperature in the two layer Au/Al assembly at different depths. The laser parameters are t p =65 fs, F=0.1 J/cm 2 , wavelength is 800 nm. It can be seen from Fig.8 (a) that when the depth exceeds 100 nm, the pulse-like distribution of electron temperature profile fades away, which can be related to the role of the electron ballistic effect. Beyond the ballistic range, taken as 100 nm here, the temporal information of laser pulse can less be delivered to the electron temperature for the Au/Al assembly. We can see from Fig.8(b) that the phonon temperature evolutions for the surface layer at depths of 0 nm and 50 nm is severely inhibited, however, which rises dramatically at depths of 150 nm and 200 nm for the substrate layer. It indicates the phonon subsystem is heated in priority from substrate to the surface layer for the Au/Al assembly. The temporal evolution of electron and phonon temperature for the Au/Ag film assembly at different depths of the target are given in Fig.9 . The laser parameters are t p =65 fs, F=0.1 J/cm 2 , wavelength is 800 nm. As show in Fig.9 (a), the electron temperature peak decreases orderly with increasing the depth. As the depth exceeds 100 nm, the electron temperature profile still maintains the pulse-like distribution, although the sharp pulse structure is weakened for the Au/Ag film assembly, which is different from that of the Au/Al film assembly. From Fig.9(b) , it can be seen that the phonon temperature rises more rapidly from depths of d=0 nm to d=200 nm. In fact, the thermal parameters between Au and Ag is very close to each other so that the electron and phonon temperature evolutions in the Au/Ag assembly perform the normal tendency as usually found in single layer metal film heating, namely, the film is preferentially heated from surface to the bottom. www.intechopen.com Fig.10 shows surface electron and phonon temperatures of the two layer Au/Al assembly at center of laser spot as a function of delay time with respect to the temperature dependent and constant electron-phonon coupling strengths. The laser parameters are t p =150 fs, F=0.1 J/cm 2 , laser wavelength is 800 nm. The temporal evolutions of electron and phonon temperatures are almost identical during the femtosecond laser pulse duration and becomes discrepantly after 300 fs. The simulated electron temperature using temperature dependent electron-phonon coupling strength is slightly lower compared to that applying the constant electron-phonon coupling strength. However, as seen in Fig.10 (b) , the phonon temperature evaluated by the temperature dependent electron-phonon coupling strength is rather higher than using the constant electron-phonon strength mainly after 300 fs. For femtosecond laser ablation, material damage usually occurs after the electron-phonon relaxation termination on timescale of picoseconds. So, it is important to use the temperature dependent electronphonon coupling strength to predict ultrafast heating characteristics in multi-layer metal film assembly for target material ablation. Fig. 11 . The surface phonon temperature of the two layer Au/Al film assembly under the irradiation of laser spot at time of 15ps with respect to temperature dependent and constant reflectivity
The surface phonon temperature fields in the two layer Au/Al film assembly at 15 ps under range of laser spot with respect to the temperature dependent and the constant reflectivity are shown in Fig.11 . The laser parameters are t p =150 fs, F=0.05 J/cm 2 , laser wavelength is 800 nm. It can be seen that the constant surface reflectivity definitely makes a low estimation of the surface phonon temperature, especially at center of the laser spot. The results can be explained as follows: When the femtosecond laser pulse irradiation on the target surface, the electron subsystem can be rapidly heated and the electron temperature is immediately evaluated to higher level during femtosecond laser pulse heating, causing dramatic increase of the total scattering rates. The large particle scattering rate is beneficial for reducing surface reflectivity as predicted by the Drude model with respect to temperature dependent www.intechopen.com particle scattering processes. So the surface phonon temperature for the target with consideration of the temperature dependent reflectivity can be thus promoted as a result of reduction of the surface reflectivity for laser energy absorption by electron subsystem and the following energy coupling to phonon after the femtosecond laser pulse duration.
Conclusions
The ultrafast heating characteristics in the two layers and three layers metal film assemblies irradiated by femtosecond laser pulses are investigated by numerical simulations, in which the metals such as Au, Ag, Cu and Al are taken as the targets. The ultrafast 2-D temperature field evolutions on picosecond timescale with regard to the temperature dependent material properties for different film layer configurations of the multi-layer assemblies are obtained by Finite Element Method (FEM). The comparations for phonon temperature field evaluated by constant and temperature dependent electron-phonon coupling strength and reflectivity are given, which show the temperature dependent material properties must be taken into account for well exploring the ultrafast heating processes in multi-layer film assemblies. It is shown that the temperature field evolutions exhibit distinct characteristics for different layer configurations in the multi-layer assemblies. For the two layer Au/Ag assembly, the phonon temperature field is mainly distributed at the surface Au layer, while which can dominantly diffuse into the substrate layer for the Au/Al configuration after several picoseconds. Some similar results can also be observed in three layer metal film assemblies. It is demonstrated that electron-phonon coupling strength and phonon thermal capacity for the substrate layer play important roles in determining the temperature field distributions at the surface of Au coated assemblies. The increasing of second layer electron-phonon coupling strength and phonon thermal capacity both can result in severe drop of the surface Au layer phonon temperature. But, the electron thermal parameters including electron thermal conductivity and electron thermal capacity have less effect on the Au surface layer phonon temperature. 
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